An effective design procedure, based on the Elliot synthesis method, is proposed to investigate the properties of waveguide slot arrays with multilayer dielectric cover. Then, the features of the designed arrays are analyzed by means of a FEM commercial software, namely, Ansys HFSS 13. We show how a proper choice of the dielectric cover configuration allows increasing the array gain and aperture efficiency, while taking advantage of the properties of the radome structure, in terms of insulation, protection, and pressurization of the radiating waveguides. Therefore, a significant outcome of the optimal choice of the multilayer dielectric cover is the reduction of the number of slots with respect to an array radiating into free space with the same gain and efficiency, with a consequent reduction of the production cost.
Introduction
Microwave antennas can be realized using either reflectors or arrays of different kinds of radiating elements [1] . The latter have typically a smaller bandwidth, but they are more compact, lighter, and particularly suitable for low profile applications [2] .
A common solution for the realization of high-performance antennas in the whole microwave frequency range is the use of waveguide slot arrays [3] [4] [5] [6] [7] . This choice provides high gain, high efficiency, mechanical strength, and a very good polarization purity [3, 8] . Many practical applications require that waveguide slot arrays are covered by a dielectric material either for protection or thermal insulation, aerodynamic purposes, or pressurization of the radiating waveguides [9] .
The standard Elliott design procedure [3] for a waveguide array of longitudinal slots has been extended to a single-layer dielectric-covered slot array by Casula and Montisci [9] and Jin et al. [10] . However, sometimes a multilayer dielectric cover is required, as in the case of flat sandwich radomes used mainly for thermal insulation and protection [11] .
Radomes are usually chosen and applied after the antenna has been designed and realized. Therefore, their geometric parameters, shape, and dielectric properties must be selected in order to reduce as much as possible their impact in the radiating and circuital properties of the antenna [12] . These precautions are not required if the radome is included in the antenna since the beginning, so that it can be taken into account in the analysis and design procedures. In this way, the performance of the designed antenna is not negatively affected by the presence of the radome structure. As a consequence, the geometry and dielectric properties of the radome can be selected for optimization of thermal insulation and protection or even designed in order to obtain the best tradeoff between the required antenna performance and the necessity of insulation or protection.
To address this task we need the following:
(a) a design procedure for an array of slots with a multilayer dielectric cover; 2 International Journal of Antennas and Propagation (b) a criterion to choose the dielectric cover configuration in order to optimize the radiating properties of the antenna.
The choice of point (b) must be made among the set of covers able to give the required mechanical and thermal behavior. The determination of such set is, of course, outside the scope of this work.
Then, once a solution is available for the above points (a) and (b), the antenna designer is fully aware of all the implications of the choice of a particular configuration of radome (from both electromagnetic, thermodynamics, and material science point of view) and has enough information to achieve the optimal tradeoff based on the design specifications.
Therefore, first of all we need to extend the Elliott design procedure to the case of a multilayer dielectric-covered waveguide slot array, complying with (a). This task has been performed in a very effective manner, exploiting the wide experience of the authors' research groups on waveguide slot antennas [5, 6, 9, 10] . Then, the array design procedure has been used to investigate the behavior of a multilayer dielectric-covered array.
The aim of this work is to show how a proper choice of the multilayer dielectric cover allows achieving the desirable insulation and protection, while improving the antenna gain and aperture efficiency. The basic idea of the proposed solution has been introduced by Von Trentini [13] in 1956. In that paper, the author studies the increase in directivity of an array of circular apertures by placing a partially reflecting sheet in front of the antenna, exploiting the multiple reflections between the antenna ground plane and the partially reflecting sheet. More recently, this strategy has been applied to microstrip antennas by many authors (see, e.g., [14] [15] [16] [17] ). However, to the best of the authors' knowledge, a discussion on the use of a multilayer dielectric cover to improve gain and efficiency of waveguide slot arrays is not available in the literature. This is quite surprising since the improvement for waveguide slot arrays is large because of their very high manufacturing cost compared, for example, to microstrip antennas. In this contest, a suitable configuration of the dielectric cover provides a reduction of the number of slots with respect to an array radiating into free space with the same gain and efficiency, thus allowing a significant reduction of the production cost. Actually, compared to an array radiating into free space, an optimized dielectric covered array results in a low increase of the manufacturing cost for the realization of the dielectric cover against a significant saving due to the reduction of the number of slots and radiating guides and the simplification of the feeding network.
In this paper, we have considered a slot array with a single feeding waveguide [9, 18] . However, the results of this work apply also to arrays with different feeding networks, wherein the configuration used in this paper can be considered as a subarray of a more complex structure [19] [20] [21] .
The properties of the designed dielectric-covered arrays have been investigated by using Ansys HFSS, which, at least for waveguide slot arrays, can be considered equivalent to experiment as reported, for example, in [19, 22] . 
Design of the Dielectric Cover
The reasons for a dielectric cover are usually insulation and protection so that it is considered as a parasitic structure and, therefore, the smaller its effect on the antenna behavior, the best the cover. However, since in many cases its presence is needed, we can face the problem the other way, that is, by using the dielectric cover to improve the antenna performance, and, in particular, as we will show next in this section, maximize the array gain. In order to illustrate this feature, we select here the basic configuration of a two-layer dielectric cover (see Figure 1 (a)), designed according to [13] . The first layer is a substrate with low dielectric permittivity (air or foam) of proper thickness, and the second layer is a substrate with high-dielectric permittivity acting as a partially reflecting sheet. Let the reflection coefficient of this sheet in the broadside direction be exp( ).
We define by ℎ 1 , 1 and ℎ 2 , 2 , the thicknesses and dielectric permittivities of the first and second layer, respectively ( Figure 1 ). The thickness of the first layer has been chosen in order to ensure the maximum radiated power in the broadside direction. As derived in [13] , the radiated power density is
wherein is the angle from broadside and = 0 /√ 1 , 0 being the free-space wavelength. Of course, in (1) the amplitude and the phase of the reflection coefficient of the sheet 
wherein is integer. Equation (2) allows computing the optimal dielectric thickness as
wherein is chosen to obtain the smallest positive ℎ 1 .
The maximum power depends on 2 , too. As a matter of fact, the second layer acts as a partially reflecting sheet and, as shown in [13] , the larger the reflectivity 2 of this sheet, the higher the array gain. This is achieved when 2 is as high as possible (in the following we choose it equal to 9.8) and ℎ 2 is 0 /(4√ 2 ) as reported also in [16] for the case of a microstrip antenna.
The presence of the dielectric cover modifies the radiating properties and the input matching of the array. This effect can be minimized using accurate design procedures, based on the Elliott model, and including the radome in the antenna structure [9] allows achieving the required input matching and far-field pattern. To improve the antenna behavior, a closer look to the performance of a double-layer dielectric cover for a slot array is in order. More precisely, in the next section we will show how a cover, designed according to (1)-(3), can improve the array aperture efficiency (and gain).
Performance of the Dielectric-Covered Arrays
We tested the proposed solution on the following examples: Since the reduction in the number of slots is a significant outcome of our discussion, we will compare not only arrays (b) and (c) but also array (a) with (b) and array (c) with (d).
As a matter of fact, a free-space slot array and a dielectriccovered one do not compete for the same applications. So, an array with the two-layer cover considered here should be compared with a standard dielectric-covered array [9] . However, the performance of a free-space array is better than or equal to the one of a single-layer dielectric-covered array with the same size and number of slots. Therefore, we decided to use the former in the comparison, for sake of clarity.
The design of the dielectric-covered arrays has been done by using the standard Elliott iterative technique extended to the case of a multilayer dielectric cover. The procedure described in [23] has been used for the computation of the slot self-admittance, but evaluating the Green's function in the external region as reported in [24] . The external mutual coupling has been computed with the same approach presented in [10] , extended to the multilayer case.
The operating frequency has been selected equal to 9 GHz and, for all the examples considered here, we have required side lobes below −20 dB. However, in the dielectric cover cases the excitations of the slots must be chosen in order to take into account that each slot radiates into a half space with a thick dielectric cover and the effect of the element factor cannot be neglected. In fact, the principle of "multiple reflections" applies to the field of the single radiating slot as well and strongly affects the array pattern. Therefore, in order to achieve the required amplitude distribution, the element factor has been properly taken into account by using a procedure for array pattern synthesis with the constraint of real excitations [25] .
The chosen array geometry is shown in Figure 1 , and employs a popular feeding technique [9] . Both the radiating and the feeding waveguides are half-height WR90 ( = 22.86 mm, = 5.08 mm, and waveguide wall thickness = 1 mm), the length of the coupling slots is 17.1 mm, their width is 1.5 mm, and the tilt angle is 15
∘ . The width of the radiating slots is 1.58 mm.
Let us define as the side of the smallest square region that includes all the radiating guides and as the side of the square metallic plate in which the slots are cut. The dielectric cover lies on this metallic plate and has, therefore, the same square extension with side (see Figure 1(a) ). Of course ≥ , and the latter is dictated by the guide width and by the number of slots. For the arrays radiating into free space, has been chosen about 15 mm larger than in order to avoid second order effects in the farfield pattern due to the finite extension of the metallic plate. On the other hand, for the arrays with the dielectric cover, is a degree of freedom and must be suitably chosen in order to fully exploit the principle of multiple reflections, and then maximize the array gain and its aperture efficiency, defined as = 2 /(4 2 ), wherein is the free-space wavelength.
According to the design rules of Section 2, the following parameters have been selected for the two-layer dielectric cover: (i) first layer (foam): 1 = 1.093, tan = 0.0038, ℎ 1 = 15.8 mm; (ii) second layer: 2 = 9.8, tan = 0.002, ℎ 2 = 2.54 mm.
The designed arrays have been simulated with Ansys HFSS. The HFSS model takes into account the finite size of the ground plane, in which the radiating slots are cut, by using a radiation box which encloses the entire structure depicted in Figure 1 . The dielectric losses have also been included in this model.
The main results are shown in Figures 2 and 3 , where the gain and efficiency of an array with the two-layer dielectric cover are evaluated for different . It appears that the highest gain is obtained for equal to 210 mm for a 6 × 6 array and equal to 260 mm for an 8 × 8 array. The corresponding values are shown in Table 1 , together with the values for arrays without the dielectric cover. The results for some arrays with a smaller are also shown, of course only for the dielectriccover case. It is clear that the gain depends essentially on the size of the ground plane, but the dielectric cover case achieves the same gain with a smaller number of slots and therefore allows for a smaller . The importance of this consideration comes out looking at the efficiency curves of Figures 2 and 3 . It is clear that a reduction of causes a significant increase of the efficiency. In other words, the strongly reflecting dielectric cover allows a significantly better use of the ground plane extension. The comparison of the data in Table 1 shows that the efficiency of an 8 × 8 array with a ground plane of 210 mm increases from 65%, for the free-space array, to 87%, for the array with dielectric cover, whereas the gain increases of about 1.3 dB. Of course, this is true as long as the presence of the dielectric cover is taken into account from the beginning into the design procedure [9] . In order to complete the evaluation, in Figure 4 we show the comparison between the far-fields of arrays (a) and (b) for = 210 mm and in Figure 5 the one between far-fields of arrays (c) and (d) for = 260 mm. Then, in Figure 6 , the comparison of the frequency responses is also reported.
From the results of Table 1 same radiating properties and bandwidth of a 6×6 array with dielectric cover (with the same = 210 mm), and a 10 × 10 array radiating into free space is equivalent to an 8 × 8 array with dielectric cover (with the same = 260 mm). Till now, we have considered only the case of a doublelayer dielectric cover. However, the same considerations can be carried out also for different dielectric cover configurations. For example, we can use a (three-layer) sandwich radome, wherein a further dielectric layer is inserted beneath the foam of the two-layer configuration, to increase the pressurization of the radiating waveguides [9] . In particular, if we add a layer with = 2.2, tan = 0.0009, and ℎ = 0.381 mm, we find that the thickness of the foam must be slightly reduced to optimize the array gain (from 15.8 mm of the two-layer case to 15.6 mm). Both for a 6 × 6 array and for an 8 × 8 one, using this dielectric cover, we have found virtually the same optimal values of and array gain, and the same efficiency as in the case of the two-layer dielectric cover reported in Table 1 .
Conclusion
In this paper, we show how to turn a potentially harmful structural requirement, the need for a dielectric radome, into an opportunity for planar slot arrays. The presented results show that a suitably designed dielectric cover allows reducing the number of slots by about one-third or even more, without 6 International Journal of Antennas and Propagation affecting the array performance. This reduction and the consequent reduction in radiating guides and feeding networks will lower significantly the weight and the production cost, of a planar slot array.
